Sequential arterial and cerebrospinal fluid (CSF) lactate, pH, pCO2, HCO3-, and pO 2 levels were determined for 4 days in 17 patients immediately following uncomplicated head injury. Lactate was initially markedly elevated in both fluids and decreased by the third day after injury. There was mild arterial metabolic acidosis and respiratory alkalosis on admission; the alkalosis continued. Arterial pO=, was below normal at all times. The CSF showed a normal pOe, and metabolic acidosis related to lactate accumulation. Blood and CSF pCO 2 and HCO 3-levels equilibrated well, probably because of the time factor; CSF and arterial pO 2 levels were not significantly related. The clinical implications of CSF lacticacidosis after head injury are discussed.
ECENT studies of acid-base balance and lactate levels in intracranial disorders have included observations on brain infarctions and hemorrhage, 13,27 subarachnoid hemorrhage, 6 brain neoplasm, 2e and traumatic brain injury. 7,~,17,25 For the most part they have revealed fairly similar patterns of cerebrospinal fluid (CSF) metabolic acidosis with elevated lactate levels and systemic respiratory alkalosis. The data obtained in these studies have in general been single determinations, however, and do not portray changes over time.
It is the purpose of this report to describe in greater detail the relations of blood and CSF lactate levels and acid-base measurements (gases) in patients with uncomplicated head injury and to identify changes as they occur on each of the first 3 days after injury. The term "gases" as used in this paper includes pH, pCO2, HCO3-, and pO2.
Methods

Patients and Sampling
Sixteen patients hospitalized immediately following craniocerebral injury were studied. Their clinical characteristics are given in Table 1 . None had evidence of other disorders that might interact with the metabolic response to trauma. The severity of injury was graded on a I to III basis according to a grading system previously described. 1I The system considers the duration of unconsciousness and the duration and type of specific neurological deficit occurring after head injury. The scores obtained on the basis of these combined considerations per- King, et al. (1971) . Grade I = mild head injury; Grade II = moderate head injury; Grade III= severe head injury. mit grading so that Grade I represents a mild head injury and Grade III a severe one.
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Samples of arterial blood and CSF drawn simultaneously were obtained on admission (Day 0) and through the third post-injury day (Day 3). Multiple samples were obtained from each patient, but the days of acquisition and the numbers of samples varied between patients. In some of the control groups (described below) venous rather than arterial blood was analyzed. Samples were obtained when the systemic blood pres- sure was normal as measured by an arm cuff.
Control Data
For control purposes, data were obtained when arterial cuff pressures were normal in patients from the following four groups ( 
Analytical Procedures
Arterial blood was obtained by femoral arterial puncture and allowed to flow freely into a glass syringe wet with heparin. Air bubbles were expelled and the needle occluded by a rubber stopper. The syringe was placed immediately in an iced container, and pH, pCO2, and pO2 determined within 15 minutes. A Radiometer gas monitor* with ultramicro pH electrodes and pH meter was used. Bicarbonate concentration was calculated from pCO2 and pH, with pK and solubility coefficient values of 6.10 and 0.0301 for blood and 6.13 and 0.0320 for CSF respectively. 1 The measured values were corrected to the patients' temperatures? 0 Simultaneously, the cold blood was centrifuged and plasma frozen for later determination of lactate level by an enzyme method using lactic dehydrogenase.t In the control patients, heparinized venous blood was drawn without stasis and placed in an iced heparinized container for immediate separation and freezing of plasma. CSF was obtained from the lumbar subarachnoid space and allowed ~Gas monitor manufactured by Radiometer, Copenhagen, Denmark. 
* Day 0 is the day of admission. Top line is the mean value, second line is the standard error, and the third line is the number of samples. * =standard deviation.
The total number of samples in the table does not correspond with total number of samples in Figs. 2-7. Because unequal numbers of samples were obtained from each patient, to avoid statistical bias, no more than two samples per day were used from any one patient in calculating the means and standard errors in the table.
to flow freely into the syringe; suction was used if necessary. The syringe was placed in an iced container and the fluid treated in the same manner as arterial blood. If the CSF was bloody a hematocrit determination was made, and the CSF centrifuged with the supernatant fluid frozen for later analysis of lactate. Determinations were not made on the CSF when the hematocrit exceeded 5%; this was to avoid falsely elevated lactate concentrations from red blood cell (RBC) glycolysis, s
Results
Arterial Lactate Levels
Arterial plasma lactate levels were elevated on the day of injury (Table 3) . On Days 2 and 3 the mean levels were approaching normal. Mean arterial plasma lactate levels in the head injury patients on Days 0 and 1 were higher than those found in venous plasma on corresponding days in other types of injury (Table 2 ). This indicated a significant difference since venous lactate normally exceeds the arterial level.
Attempts were made to relate the elevated arterial lactate to causal factors. 18,~9 No significant correlation was found with blood pressure, arterial pOe, or arterial pCO2. Because of the interaction of pH and pCO2 in their relations to lactate, a multiple regression of lactate with these two independent variables was calculated. There was a significant (p < 0.0! ) inverse relationship of lactate to pCO2 independent of pH. Plasma bicarbonate showed a significant inverse relationship to lactate (p < 0.01 ).
CSF Lactate Levels
CSF lactate levels were markedly elevated (Table 3 ) and remained so while the arterial levels decreased with time (Fig. 1) ; correlation between simultaneously obtained samples was not significant (Fig. 2) . CSF levels remained consistently above those of arterial plasma. CSF lactate could not be related to CSF pO2, but showed significant inverse correlation (p < 0.02) with arterial pO2 (Fig. 3) . There was no relation of CSF lactate to CSF pCO., either when the two variables were tested together or when the pH was taken into consideration by multiple regression as calculated for blood. The CSF bicarbonate decreased significantly (p < 0.01) as lactate rose (Fig. 4) . 
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Blood and CSF Gases
The mean arterial pH of 7.39 on admis-~ 8o sion was similar to that found in the nonsurgical neurological control patients (Tables ~,  2 HCO3-values were lower. The mean CSF pO2 was similar to that reported by others in normal subjects. 7,2~ No significant changes in pH, pC 9 and HCOa-, or pO2 occurred during the days of observation. No rise in CSF pO2 was noted when oxygen was administered therapeutically to elevate the arterial pO2.
The pH values for blood and CSF showed significant positive correlation (Fig. 5) . CSF values were significantly lower (p < 0.01) than those of blood on Days 1, 2, and 3 (Table 3 ); in only five instances of paired samples was the CSF pH equal to or greater than that of blood. The values of pC 9 in CSF and blood (Fig. 6) were significantly correlated, and the mean value for CSF was significantly greater than that for blood (p < 0.01 ); in only eight instances was the CSF level lower than that of blood. Arterial plasma and CSF bicarbonate values showed significant correlation (Fig. 7) ; the mean CSF value was significantly lower (p < 0.01) than that of arterial plasma. Mean values for blood pO2 and CSF pO2 showed no significant correlation; CSF pO2 values were lower than those of blood in all but four instances.
The relations of CSF-arterial pH, pC 9 and HCO3-in the head-injured patients were compared to those found in patients with Lactate and acid-base levels in head injuries respiratory disturbances 2~ and in normal subjects undergoing experimental alterations in pCO., by hyperventilation or breathing 10% CO~. 15,1~ Regressions were calculated from the data reported and compared by covariance analysis with the regressions of the present data. The mean CSF pCO2 values were 8.6, 6.8, and 6.3 mm Hg higher than those in arterial blood in the normal subjects, respiratory acidosis patients, and headinjured patients respectively. Although these mean differences were not significantly different from each other, the regression slopes for CSF pCO2 levels in the pulmonary and head-injured patients were both greater than normal (p < 0.01), but did not differ from each other. A comparison of adjusted mean heights of the three groups (in relation to a common arterial pCO., level) revealed no abnormal CSF pCO~-arterial pCO., differences in the head-injured patients despite the difference in regression slopes.
Similar comparisons of the CSF-arterial relations of HCO:~-and pO2 in the headinjured patients were made with those of lung disease patients and normal subjects. Bicarbonate values in head-injured patients were significantly lower in the CSF than in arterial plasma, while corresponding differences in the lung disease and normal groups showed no significance. The pO,~ relationships were not significantly different.
Discussion
Although 13 of the 17 patients received intravenous infusions of Ringer's lactate solution on some days of the study, we believe for several reasons that the exogenous lactate did not increase the endogenous lactate pool. The plasma lactate levels and their rates of fall per day in those receiving lactate did not differ from those not receiving lactate. Moreover, within the group receiving lactate, there was no relation between amounts given and the level measured in serum or CSF. Other investigators have also demonstrated that infusion of lactate does not cause plasma lactate elevations. 3 Finally, in the five patients who had plasma and CSF lactate levels measured before and after the intravenous infusion of 1000 cc Ringer's lactate, the mean increases of serum and CSF levels were not significantly different from zero. Therefore, it appears that the increases in arterial lactate found in the patients were not due to lactate infusion.
Elevated arterial lactate levels could not be attributed to hypotension or to the moderate degree of hypoxemia that was present. Part of the elevations may have been due to respiratory alkalosis, since a significant inverse correlation of arterial lactate with arterial pCOz independent of pH was found. During spontaneous hyperventilation in normal human subjects arterial lactate increases only about 9 mg/100 ml, ~ but our patients on the day of injury had increases of about 30 mg/100 ml. Other investigators have also reported elevations to this degree during the first 24 hours after head injury. 12, 17 In trauma without head injury or hypotension, abnormally elevated arterial lactate levels have also been reported. 4 These elevations are a transient metabolic response to injury and relate to the severity of injury as well as the time since injury that the observation is made. They may contribute to the metabolic acidosis seen early after injury in some patients, but do not have the serious prognostic implications that have been associated with lactate elevations in shock. 24 The mechanism for the marked increase in arterial lactate in head trauma patients who were not in shock is still observed.
CSF lactate levels in the control surgical patients were similar to those reported by others? 2,1~,2~ In the head injury patients CSF lactate, in contrast to arterial values, remained elevated at 3 to 4 times control values throughout the study. Because lactate is ionized it crosses the blood-brain barrier slowly; hence, elevated CSF levels have little influence on arterial or venous levels and vice versa. 18,~3 Accordingly, it is likely that the elevated blood and CSF levels were independent phenomena initiated by the same event. There is general agreement that CSF lactate reflects brain extraceIlular fluid lactate. The persistent elevation in CSF lactate indicates, therefore, a continuing disturbance in brain metabolism due to hypoxia and ischemia. An increased CSF lactate in diverse types of brain pathology (tumors, 26 infarctsfl 7 subarachnoid hemorrhage2 trauma, :'.'7.25 and experimental brain ischemia TM) suggests a similar metabolic disturbance regardless of the etiology of brain damage.
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It is of interest in this study that CSF lactate was related to arterial pO2 but not to CSF pO2, and that arterial pO2 and CSF pO2 were not related. In an experimental study in animals without brain damage, cisternal CSF pO2 was found to be a linear function of arterial pO2 and it was thought that CSF pO~ approximated the mean pO2 of brain tissue. 2 Zupping, ~ however, in a study of head-injured patients did not observe this correlation and concluded that CSF pOe did not reflect cerebral tissue oxygenation under such circumstances. Certainly, arterial pO2 is one indicator of oxygen delivery to the brain in both normal and abnormal circumstances, however, in acute brain damage CSF lactate increase may be a better measure of cerebral tissue oxygenation than either CSF or arterial pO2.
The relations of lumbar CSF and arterial gases in our patients were compared to those reported in other studies. Lumbar CSF composition may not reflect brain composition as accurately as ventricular or cisternal CSF does unless a steady state exists. Zupping, et al.Y compared lumbar CSF with cisternal CSF in brain-damaged patients and found the pH higher and the pCOo lower in cisternal than in lumbar fluid, but no difference in sodium, potassium bicarbonate, lactate, or pyruvate concentrations. Posner, et al., 21 found that in brain-injured patients cisternal CSF lactate was 6.3 mg% lower than simultaneous determinations in lumbar CSF. Cisternal fluid pH was higher by 0.01 to 0.05 units. In the studies reviewed, only Metzel and Zimmerman ~r consistently used cisternal fJuid. The predominant trends in CSF composition, metabolic acidosis with decreased bicarbonate and a decrease in pH proportional to the increase in lactate, were the same in all studies. Consequently, we believe that lumbar CSF gives a valid estimate of the acid-base status of the patient.
In summary, the findings indicate that there is an elevation of blood and CSF lactate beyond that seen in other conditions, and that gases diffuse normally between blood and CSF after head injury. The apparently more complete equilibration of pCO2 and HCO3-in contrast to that in experimental studies is probably due to the longer time involved.
On the basis of the observations above we suggest the following: 1) the level of CSF lactate may help to indicate the severity of cerebral injury and therefore have some prognostic value; 2) the presence of continued CSF lacticacidosis for several days after injury suggests continued cerebral ischemia and hypoxia and the need to decrease cerebral lactate formation after brain trauma; and 3) CSF ]acticacidosis may initiate and maintain hyperventilation and respiratory alkalosis since hyperventilation is known to increase CSF lactic acid, probably by decreasing cerebral blood flow, and this process may become a vicious circle whose net effect is to increase ischemia in the damaged brain.
